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Abstract

Genome fractionation (also known as diploidization) frequently occurs following paleopolyploidization events. Biased
fractionation between subgenomes has been found in some paleo-allopolyploids, while this phenomenon is absent
in paleo-autopolyploids. Pear (Pyrus bretschneideri Rehd.) experienced a recent whole-genome duplication (WGD,
~30 million years ago); however, the evolutionary fate of the two subgenomes derived from this WGD event is not
clear. In this study, we identified the two paleo-subgenomes in pear using peach (Prunus persica) as an outgroup and
investigated differences in the gene loss rate, evolutionary rate, gene expression level, and DNA methylation level
between these two subgenomes. Fractionation bias was not found between the two pear subgenomes, which
evolved at similar evolutionary rates. The DNA methylation level of the two subgenomes showed little bias, and we

paleopolyploidization in pear.

found no expression dominance between the subgenomes. However, we found that singleton genes and
homeologous genes within each subgenome showed divergent evolutionary patterns of selective constraints,
expression and epigenetic modification. These results provide insights into subgenome evolution following

Introduction

The evolution of plant genomes has been influenced
by frequent occurrences of ancient whole-genome dupli-
cation (WGD; also known as paleopolyploidization),
which provide abundant genetic material for survival,
phenotypic diversification and radiation of plants'™®.
Polyploidization commonly occurs through autopoly-
ploidization or allopolyploidization, generating two
forms of polyploid: autopolyploids and allopolyploids’.
Extensive genome fractionation (also known as diploidi-
zation) occurs following WGD, reverting the polyploids
to stable diploid status®®’. Subgenome dominance,
characterized by bias in gene loss, gene expression and
DNA methylation between two subgenomes derived
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from polyploidization, has been observed in paleo-
allopolyploids such as Arabidopsis thaliana, maize (Zea
mays), Chinese cabbage (Brassica rapa) and Brassica
oleracea'® ", The dominant subgenome often retains
more ancestral genes, which show expression dominance,
while the submissive subgenome has fewer ancestral
genes, with reduced expression of surviving genes'.
However, subgenome dominance is absent in paleo-
autopolyploids such as poplar (Populus trichocarpa)'* and
even some paleo-allopolyploids, such as soybean
(Glycine max)'® and cucurbits (Cucurbita maxima and
Cucurbita moschata)'®.

The phenomenon of biased fractionation between two
paleo-subgenomes was first uncovered in maize'”. How-
ever, investigation of diverse maize inbred lines found that
differential fractionation among individuals is rare'”.
Many previous studies have sought to dissect the
mechanisms driving biased fractionation between sub-
genomes. An association between biased gene lossv and
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biased gene expression between subgenomes has been
revealed'®'®, The genes retained in the overfractionated
subgenome tend to have lower expression levels and
contribute less to phenotypic variation, eventually
resulting in their loss owing to weak impact on fitness'*"°.
Reduction in gene expression, which may be caused by
relaxed selective pressure imposed on genes and elevated
methylation level, leads to a high rate of fractionation
in the overfractionated subgenome'®?’. In B. oleracea
and B. rapa, three distinct subgenomes derived from
lineage-specific whole-genome triplication (WGT) exhibit
differential fractionation'"*'. The least fractionated sub-
genome is more likely to undergo gene conversion
events'', and genes located in this subgenome show
higher expression levels compared with their syntenic
counterparts located in the medium-fractionated and
most fractionated subgenomes''. Genes retained in the
overfractionated subgenome are more likely to be targeted
by 24-nt smRNAs and have higher transposon element
(TE) coverage in their upstream regions, resulting in
reduction of gene expression and driving subgenome
expression dominance®"*?,

However, biased fractionation between subgenomes
is not always associated with the diploidization process
following paleopolyploidization. The phenomenon of
unbiased fractionation has been observed in some
plants. Camelina sativa, a newly formed paleopolyploid
(~5.5 Mya), has three undifferentiated subgenomes
with similar gene number®. In poplar, two paleo-
subgenomes derived from lineage-specific WGD show
high similarity, suggesting that poplar may have origi-
nated from an autotetraploid ancestor'*, Large-scale gene
loss and divergence are not evident in the young allopo-
lyploid Brassica napus formed ~7500 years ago; however,
abundant homeologous exchanges have occurred since
polyploidization®*, In parallel, gene loss and expression
bias between homoeologous gene pairs are rare in the
evolution of the allotetraploid cotton (Gossypium hirsu-
tum) genome formed ~1-1.5 Mya®. In addition, a recent
study also revealed slow gene loss but rapid expression
differentiation after WGD (~8 Mya) in common carp?®.

Pear (Pyrus bretschneideri Rehd.) experienced a recent
WGD (~30 Mya) event following an ancient y hexaploidy
event shared by core eudicots. However, it is not clear
whether this recent polyploidy event in pear is an
autopolyploidization or an allopolyploidization. Informa-
tion concerning the evolutionary patterns of the two
paleo-subgenomes descended from the recent WGD in
pear is limited. Therefore, this study aimed to identify the
two paleo-subgenomes of the pear genome and explore
their evolutionary trajectory. Transcriptome and methy-
lome data were used to investigate the evolutionary pat-
terns of the two subgenomes. Our results show that the
two subgenomes remaining in pear have evolved in an
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unbiased manner, suggesting that pear evolved from an
autotetraploid ancestor.

Materials and methods
Data collection

Genome sequences and annotation files for Chinese
white pear (Pyrus bretschneideri Rehd.) were obtained
from the Pear Genome Project’”’. Genome data sets
for peach (Prunus persica, v2.1) and woodland
strawberry (Fragaria vesca, v1.1) were downloaded from
Phytozome v12°%,

Identification of two paleo-subgenomes in pear

All-versus-all BLASTP was performed to search for
paralogous gene pairs using whole-genome protein
sequences of pear (E_value<le %, m8 format). All-
versus-all BLASTP was also used to search for ortholo-
gous gene pairs between pear and peach or strawberry.
The MCScanX toolkit> was used to identify intraspecies
and interspecies syntenic blocks using BLASTP results
and chromosomal locations of genes (match_score:
50, match_size: 5, gap_penalty: -1, overlap_window: 5,
E_value: le %, max gaps: 25)*°.

False-positive interspecies syntenic blocks were
removed from the MCScanX output according to two
criteria: 1) blocks with E-value > 1e—10; 2) blocks with
fewer than 10 gene pairs and more than 50% of gene
pairs having E-values > 1e—10.

Pear experienced an ancient WGD (~140 Mya), shared
with peach, and a lineage-specific WGD (~30 Mya)
after splitting from peach. All interspecies syntenic
blocks between pear and peach were identified, and the
Ks value for each syntenic block was calculated. Ks peaks
corresponding to the ancient WGD event and speciation
event were inferred by fitting Gaussian mixture models
to Ks value distributions of pear-peach syntenic blocks.
Interspecies syntenic blocks with Ks values located in
the Ks range corresponding to the ancient WGD event
were removed.

Furthermore, tandem duplicate genes in the genomes of
pear, peach and strawberry were identified using duplicate
gene classifier, the core program of MCScanX. Paralogous
or orthologous gene pairs that had experienced tandem
duplication were excluded.

Syntenic blocks identified in the pear genome were
grouped into two subgenomes (pear 1 and pear 2)
according to a previously described method'?. Homo-
logous (best-match) pear chromosomal regions were
assigned to subgenome 1 or subgenome 2 according to
the number of singleton genes in each region. The chro-
mosomal region with more singleton genes was assigned
to subgenome 1, while the region with fewer singleton
genes was assigned to subgenome 2. The detailed method
for constructing the two subgenomes is described in the
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following example. Two regions of pear chrl3 and chrl6
were found to be collinear with the first half of peach
chrl, while another two regions of pear chr8 and chrl5
were found to be collinear with the second half of peach
chrl. The two collinear pear chromosome regions were
assigned to different subgenomes according to the num-
ber of singletons. The chromosomal region with more
singletons was assigned to subgenome 1 (e.g., chrl3 and
chr15), and the other region was assigned to subgenome 2
(e.g., chr8 and chr16).

When a gene in the subgenomes of pear had a syntenic
counterpart in peach and strawberry, respectively, this
gene was defined as a high-confidence gene'>'”. The
high-confidence genes were used to investigate evolu-
tionary patterns of gene expression level and DNA
methylation between the two subgenomes.

RNA-Seq library construction

Total RNA from leaf, fruit, petal, sepal, ovary, stem and
bud was extracted using an RNAprep Pure Plant Kit
(Polysaccharides & Polyphenolics-rich) (Tiangen, Beijing,
China) following the manufacturer’s instructions and
dissolved in RNase-free DNase I (Thermo, USA) to
remove residual DNA. Total RNA was treated using oligo
(dT) magnetic beads to purify mRNA, which was then
fragmented using sonication. First-strand and second-
strand ¢cDNA was synthesized using random hexamer
primers, and double-stranded cDNA was ligated to an A-
tail and special sequencing adaptor (Illumina gene
expression sample preparation kit, San Diego, CA). PCR
was performed with Phusion High-Fidelity DNA poly-
merase, universal PCR primers and Index (X) Primer. The
library preparations were sequenced on an Illumina HiSeq
platform to generate 125bp/150bp paired-end reads
(Novogene, Beijing, China). Leaves and fruits were repli-
cated two times, and the other tissues were replicated
three times.

Bisulfite-seq library construction

Total genomic DNA was extracted from ovary with two
biological replicates following a previously described
protocol®’. A total of 5.2 g genomic DNA with 26 ng
lambda DNA was fragmented to 200—300 bp by sonica-
tion, followed by end repair and adenylation. Lambda
DNA was used to estimate the bisulfite conversion rate.
The DNA fragments were then treated twice using an
EZ DNA Methylation-GoldTM Kit (Zymo Research).
Library concentration was quantified using a Qubit® 2.0
Fluorometer (Life Technologies, CA, USA) and quanti-
tative PCR, and insert size was assayed using an Agilent
Bioanalyzer 2100 system. The library preparations were
sequenced on an Illumina HiSeq 2500 (Novogene,
Beijing, China).
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RNA-Seq and Bisulfite-Seq data analysis

Trimmomatic (version 0.36) was used to remove
adapter sequences and poly(A/T) tails, and filter low-
quality reads (quality score<15) from raw RNA-seq
reads®>*, Kallisto was used to estimate the abundance
levels of transcripts®. The Kallisto index was first built
using whole-genome transcripts of pear, and then gene
expression level (TPM, Transcripts Per Million) was
estimated by applying the Kallisto quantification algo-
rithm. Using the same workflow for intergenic sequences,
an expression threshold (0.715) was calculated using the
mean value of the median TPM values from seven dif-
ferent tissues. Information on RNA-seq samples used in
this study is given in Supplementary Table S1.

Trim Galore! was used to remove low-quality reads
from raw Bisulfite-seq reads (https://github.com/
FelixKrueger/TrimGalore). The high-quality Bisulfite-seq
reads were then mapped to the pear reference genome
using Bismark v0.19.0 to estimate context-dependent
(CpG, CHG, CHH) methylation level®®. DeepTools was
used to show the distribution of DNA methylation in
different genomic regions®.

Quantitative real-time PCR (qRT-PCR) analysis

To confirm expression differences between singleton
and homeologous genes in the two subgenomes, a qRT-
PCR experiment was performed. The procedure used to
select gene sets of singletons and homeologs for qRT-PCR
validation was as follows. In the ovary transcriptome, all
singleton genes belonging to subgenome 1 (or subgenome
2) were sorted according to their expression level (TPM)
in descending order. Then, the outliers beyond 1.5x
interquartile range (IQR) in the boxplot were removed
from TPM values set for singleton genes. Ten genes from
top 10% of singleton genes were then randomly selected.
Using a similar method, ten genes were chosen from the
homeologs in subgenome 1 and ten from subgenome 2. In
total, 40 genes were used for the qRT-PCR experiment,
selected from four gene sets (Supplementary Table S2).

Total RNA was extracted from ovary and reverse-
transcribed to cDNA as described above. Specific primers
for 40 genes were designed using Primer Premier
5.0 software (PREMIER Biosoft International, USA), and
the Pyrus SNF gene was selected as an internal reference.
qRT-PCR was performed on a Lightcycle-480 (Roche).
Relative expression levels were calculated using the
2745 method™”.

Calculation of Ka and Ks values

A MCScanX downstream program was used to com-
pute Ka and Ks values of orthologous syntenic gene pairs
between pear (or peach) and strawberry using coding
sequences and interspecies collinearity files as input
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files®. This program depends on ClustalW>® and Bio-perl
(http://www.bioperl.org/).

Statistical analysis

The Mann—Whitney U test was used to examine whe-
ther two sets of data (e.g, TPM values of subgenomes
1 and 2) differed significantly. P-values < 0.05 were con-
sidered significant.

Results
Syntenic relationships among pear, peach, and strawberry
genomes

There are 42,341, 26,873, and 32,831 genes annotated in
pear”’, peach (Prunus persica)®® and woodland strawberry
(Fragaria vesca)®, respectively. After removing false-
positive syntenic blocks, 159 blocks from a total of
1290 syntenic blocks between pear and peach were dis-
carded, and 140 blocks were removed from 1063 syntenic
blocks between pear and strawberry. Using Ks values of
pear-peach syntenic blocks, we calculated the Ks value
of the speciation event (0.404) and ancient WGD event
(1.37), respectively (Supplementary Fig. S1). Syntenic
blocks derived from ancient WGDs were removed based
on the ancient Ks peak. Genes involved in tandem
duplication were also excluded.

After eliminating ancient syntenic blocks and tandem
duplicate genes, we identified 824 syntenic blocks
between pear and peach, including 11,108 peach genes
(41.34% of whole-genome genes) and 16,509 pear genes
(38.99%). In addition, 734 syntenic blocks between pear
and strawberry were identified, containing 9416 straw-
berry genes (28.68%) and 14,132 pear genes (33.38%). A
further 446 syntenic blocks were found between peach
and strawberry, involving 12,627 peach genes (46.99%)
and 14,915 strawberry genes (45.43%). The largest syn-
tenic block was found between pear chr15 and peach chrl
and contained 427 collinear gene pairs, while the smallest
syntenic block contained only five collinear gene pairs.
The genome of pear showed greater collinearity with that
of peach (61%) than that of strawberry (45%), corre-
sponding to the closer phylogenetic relationship between
pear and peach. Peach (or strawberry) has not experi-
enced a lineage-specific WGD after its split from pear.
Therefore, it was suitable to use peach as an outgroup
species for identifying the two subgenomes derived from
the recent WGD in pear. When using peach genes as a
reference, a 2:1 syntenic relationship between pear and
peach was found for 6203 (55% of all genes) peach genes,
which was higher than the number of genes corre-
sponding to other types of relationship (1% for 0:1, 36%
for 1:1, 5% for 3:1, and <1% for 4:1). When using pear
genes as a reference, a 1:1 syntenic relationship between
pear and peach was dominant and was found for 14,859
(94% of all genes) pear genes. The above results suggest
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Fig. 1 Whole-genome comparison between pear and peach. The
X and Y axes represent the chromosomes of pear and peach,
respectively. Each dot represents a collinear gene pair. The regions
consisting of pear subgenome 1 in the dot plot are circled in purple,
and the regions consisting of pear subgenome 2 are circled in green.
Pbr: pear; Ppe: peach

that the pear genome experienced a recent WGD after
splitting from peach, resulting in a 2:1 syntenic pattern
(Supplementary Fig. S2). The syntenic relationship
between pear and peach was visualized using MCscan
(Python version) incorporated in jcvi (https://github.com/
tanghaibao/jcvi/wiki/ MCscan—(Python—version))41.

Unbiased fractionation and evolutionary patterns between
the two subgenomes of pear

Pear experienced a recent WGD, which occurred after
the split of pear and peach®’. Therefore, the peach gen-
ome can be used as an outgroup to identify the remnants
of the two ancestral subgenomes derived from the recent
WGD in pear’”®, Based on whole-genome comparison
between pear and peach (Fig. 1), we reconstructed two
paleo-subgenomes in pear. Reconstructed subgenome 1
(denoted as pear 1) included 2371 singleton genes, and
subgenome 2 (denoted as pear 2) included 1752 singleton
genes; 3126 homeologous gene pairs between subgenome
1 and subgenome 2 were identified (Supplementary
Table S3, Supplementary Table S4).

We calculated the percentage of retained orthologous
genes in pear based on a 100-gene sliding window along
each peach chromosome. Neither subgenome 1 nor sub-
genome 2 was dominant for the number of retained pear
genes (Fig. 2). Furthermore, we measured the rate of pear
gene loss relative to that of all peach genes along each
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Fig. 2 Fractionation pattern on each reconstructed pear paleo-subgenome corresponding to 8 peach chromosomes. The X axis indicates
gene locations along each peach chromosome, and the Y axis indicates the proportion of orthologous syntenic genes retained in pear subgenome 1
(blue), subgenome 2 (red) and both subgenomes (green), corresponding to peach chromosomes. The percentage of retained orthologous genes in
pear was calculated based on 100-gene sliding windows (black bars) along each peach chromosome. Tandem duplicate genes were excluded

chromosome using the method described for poplar'*.
The results showed that pear subgenomes 1 and 2 had
similar rates of gene loss, with no evident difference in
gene loss rate between the two subgenomes (loss rate
difference < 0.04) (Table 1). In addition, the minimum
difference in gene loss rate between the two pear sub-
genomes was 0 along peach chromosome 1, and the
maximum difference was only 0.04 along chromosome
5 or 8. The above results obtained from two different
methods jointly support unbiased fractionation between
the two pear subgenomes.

Furthermore, we identified high-confidence genes from
subgenome 1 and subgenome 2. If a gene in a pear

subgenomic region had a syntenic counterpart in straw-
berry, we considered this gene a high-confidence gene. In
total, we found 1396 and 975 high-confidence singleton
genes in pear subgenome 1 and subgenome 2, respec-
tively, and 1709 high-confidence homeologous gene pairs.
The high-confidence singleton genes or homeologous
gene pairs were used in the following analysis to guar-
antee the accuracy of results.

We also calculated Ka, Ks, and Ka/Ks values between
each high-confidence gene in pear’s two subgenomes
and its syntenic counterpart in strawberry. The Ka, Ks,
and Ka/Ks values of orthologous syntenic gene pairs
between peach and strawberry were also computed.
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Table 1
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Summary of the loss rate in pear’s two subgenomes

Peach Pear

Loss rate difference

Peach chromosome Peach Genes Subgenome 1 loss rate

Subgenome 2 loss rate Both loss rate

Chr1 5883 0.85
Chr2 3303 0.83
Chr3 3161 0.79
Chr4 2897 0.76
Chr5 2464 0.79
Chr6 3662 0.80
Chr7 2720 0.71
Chr8 2721 0.78

0.85 0.79 0

0.85 0.75 0.02
0.80 0.70 0.01
0.78 0.69 0.02
0.83 0.69 0.04
0.83 0.74 0.03
0.73 062 0.03
0.82 0.71 0.04

The genes in pear 1 and pear 2 evolved at similar evolu-
tionary rates (p-value >0.05, Fig. 3a—c). The genes in
pear 1 and pear 2 had higher Ka, Ks, and Ka/Ks
values than their syntenic counterparts in peach (p-value
<0.01), suggesting that genes in pear subgenomes have
experienced more extensive mutation (Fig. 3a). The genes
in pear 1 and pear 2 had small Ka/Ks ratios (<1), implying
that they have experienced purifying selection (Fig. 3c).

Furthermore, we investigated the expression bias
between the two subgenomes using high-confidence gene
pairs and RNA-seq expression profiles from seven dif-
ferent tissues (Supplementary Table S1). The overall
expression levels of homeologous genes between pear 1
and pear 2 showed no significant differences (p-value >
0.05) (Fig. 3d). If two members of a homeologous gene
pair had more than a twofold difference in expression, we
defined the member with higher expression as the
dominant gene. We found that the percentage of home-
ologous genes with dominant expression in pear 1 was
close to the percentage of homeologs with dominant
expression in pear 2 in different tissues (Fig. 3e). A large
number of homeologous gene pairs showed conserved
expression levels, with a less than twofold expression
difference. A small proportion of homeologous gene pairs
in which both members had no expression was found in
different tissues.

In addition, we detected DNA methylation levels of
homeologous genes belonging to pear 1 and pear 2 in the
gene body, the 3-kb region upstream of the transcription
start site (TSS) and the 3-kb region downstream of the
transcription termination site (TTS). The quality of
methylation sequencing was estimated, with the bisulfite
conversion rate in two replicates being higher than 99.8%.
The Q30 and GC values met our analytical requirements
(Supplementary Table S5).

We focused on CG and CHG methylation because these
types are more prevalent than CHH methylation. Whole-

genome bisulfite sequencing data from ovary was used
(BioProject: PRJNA503323). To accommodate more
potential methylation sites, we integrated the methylation
sites identified from two biological replicates. The CG
methylation levels between pear 1 and pear 2 showed no
significant differences in the gene body, 5" upstream region
or 3’ downstream region (Fig. 4a). The CHG methylation
level between pear 1 and pear 2 showed no significant
bias in the 3’ downstream region or 5 upstream region
but showed significant differences in the gene body
(p-value < 0.01), with pear 2 being overmethylated (Fig. 4b).
To confirm these results, we identified the methylation
sites for each biological replicate using the same proce-
dure. The results from the two biological replicates
were identical for both CG methylation (Supplementary
Fig. S3a, 3¢, 3e) and CHG methylation (Supplementary
Fig. S3b, 3d, 3f) and supported the results obtained
by integrated analysis of the two biological replicates.
These results provide evidence of unbiased DNA methy-
lation patterns between the two subgenomes in pear.

Divergent evolutionary patterns between singletons and
homeologs within each subgenome

The genes in pear 1 (or pear 2) without homeologous
counterparts in pear 2 (or pear 1) were defined as sin-
gleton genes. Therefore, we distinguished two sets of
genes in each pear subgenome: singleton genes and
homeologous genes. The overall expression level of sin-
gletons was significantly higher than that of homeologs in
both pear 1 and pear 2 (p-value <0.01) (Fig. 5a). More-
over, we estimated average expression breadth for sin-
gletons and homeologs. The expression breadth for each
gene was measured as the percentage of the seven tissues
investigated in which this gene was expressed above the
threshold level (0.715) (Fig. 5b). The results showed that
singletons in both pear 1 and pear 2 have greater
expression breadth than homeologs.
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We further compared evolutionary rate and DNA
methylation level between singletons and homeologous
genes in each pear subgenome (Fig. 6). We compared Ka,
Ks, and Ka/Ks values between these two sets of genes
(Fig. 6a—c). In pear subgenomes 1 and 2, singletons had
higher Ka values than homeologs (p-value < 0.01), indi-
cating that singletons experienced more nonsynonymous
mutations in their coding sequences (Fig. 6a). We found a
similar distribution of Ks between singletons and home-
ologs, suggesting a similar evolutionary age for these two
sets of genes (Fig. 6b). In pear subgenomes 1 and 2, sin-
gletons showed higher Ka/Ks ratios than homeologs (p-
value < 0.01, p-value < 0.05), implying that singletons in

both subgenomes evolved under stronger selective pres-
sure than homeologs (Fig. 6¢).

The CG and CHG methylation levels between single-
tons and homeologs in pear 1 showed significant differ-
ences in the 5" upstream region and 3’ downstream region
(p-value < 0.01), while no differences were found in the
gene body region (Fig. 6d). In pear 2, we found significant
CHG methylation differences in the gene body, 5
upstream region and 3’ downstream region (p-value <
0.01) (Fig. 6e); however, CG methylation differences were
not identified. To confirm the above results, we identified
methylation sites for each biological replicate using the
same procedure. The results from the two biological
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replicates were identical for CG methylation and CHG
methylation (Supplementary Fig. S4) and supported the
results obtained by integrated analysis of the two biolo-
gical replicates.

To confirm expression differences between singletons
and homeologs in each subgenome, a qRT-PCR experi-
ment was performed. We randomly selected several sin-
gleton and homeologous genes (see details in Materials
and methods) and compared the relative expression level
between singletons and homeologs in each subgenome
(Fig. 7). There was a significant difference (pear 1:

P<0.01; pear 2: P<0.05) in relative expression level
between singletons and homeologs, with observations
based on transcriptome analysis. Mean values for single-
tons 1 and homeologs 1 were 8.4 and 2.82, respectively.
Mean values for singletons 2 and homeologs 2 were 8.59
and 2.93, respectively. The results obtained from qRT-
PCR and transcriptome analysis jointly supported single-
ton genes having higher expression levels than homeologs
in each subgenome.

Although the evolution of the two subgenomes of pear
has not been influenced by subgenome dominance, we
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found that the singletons and homeologs within each
subgenome have evolved under a biased pattern.

Discussion

Paleo-polyploidization is very common in the evolution
of plant genomes®**~**, Diploidization (or genome frac-
tionation) often occurs rapidly following polyploidization
events®”. The two subgenomes derived from poly-
ploidization may evolve in a biased or unbiased manner
during the dipolyploidization process'**>. The phenom-
enon of subgenome dominance has been observed in some
plant lineages, in which one of the two subgenomes
exhibits a higher rate of gene loss and lower gene
expression levels'>*®, Paleo-allopolyploids are more
likely to experience biased genome fractionation. Biased
fractionation between two subgenomes was first found
in the paleotetraploid A. thaliana®’. A similar trend
was also found in some other paleo-allopolyploids, such
as maize*®, sorghum'?, brassica'® and cotton'®. However,
biased evolution between subgenomes is not the common
rule following polyploidization, and the paleo-
autopolyploids seem to have escaped from the con-
straints imposed by subgenome dominance. Genome
fractionation between two subgenomes shows an unbiased
pattern in paleo-autopolyploids and even some plant
paleo-allopolyploid lineages, such as poplar'®, soybean'?,
banana®®, Cucurbita maxima, and Cucurbita moschata*®.

In this study, unbiased fractionation between two sub-
genomes was found in the pear genome. This is consistent
with observations in paleo-autopolyploids such as poplar'*
and soybean'”, which have two ancestral subgenomes with
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similar gene numbers. The evolutionary rate of homeologs
between the two subgenomes in pear showed no significant
difference, contrasting with results found in maize, in
which the evolutionary rate of homeologs retained in the
least fractionated subgenome was significantly slower than
that of those in the overfractionated subgenome'>*°. The
genes retained in the overfractionated subgenome show
lower expression levels and contribute less to phenotypic
variation, eventually resulting in their loss owing to weak
impact on fitness'>'®. The stronger selective pressure
imposed on genes in the overfractionated subgenome may
cause more sequence mutations and decreased fitness
resulting from reduction of gene expression, leading to a
high rate of gene loss in the overfractionated sub-
genomelg’zo. However, expression dominance was not
found between the two subgenomes in pear, which may be
attributed to equivalent selection pressure imposed on the
two pear subgenomes. Epigenetic modifications such as
DNA methylation are closely related to gene expres-
sion*>°. In this study, we found no bias in CG methylation
level between the two pear subgenomes, which may be
associated with unbiased expression between them.
Duplicate genes tend to show tissue-specific expression,
while singleton genes tend to show ubiquitous expression,
with similar expression patterns to housekeeping
genes®">?, The decreased expression breadth of duplicate
genes can be explained by the subfunctionalization
model, under which complementary loss of cis-regulatory
elements between parent and daughter genes take place
after gene duplication, facilitating the preservation of both
partially expressed copies to maintain the full expression
profile of the ancestral gene in different tissues and con-
ditions®>**, In this study, divergent evolutionary patterns
between singleton genes and homeologous genes within
each pear subgenome were revealed. Singleton genes had
higher expression breadth than homeologs in each sub-
genome, consistent with the subfunctionalization model.
In addition, the greater expression breadth of singletons
may be attributed to neofunctionalization. In each pear
subgenome, the singletons evolved under stronger selec-
tion pressure than the homeologs and are therefore more
likely to experience neofunctionalization, with one gene
acquiring a new cis-element, leading to expression in a
new tissue or physiological condition®~*’. In addition, we
found that the mean expression level of singleton genes
was significantly higher than that of homeologs. This is
in consistent with the observation that reduction in
expression of duplicated gene copies occurs frequently
after gene duplication®®. The reduced expression of
homeologous genes can be partially explained by the
dosage subfunctionalization model, under which two gene
copies are preserved over a long time by partitioning of
the total expression dosage level of the progenitor gene®”.
Moreover, differential methylation levels between
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singletons and homeologs in pear subgenomes were
identified, which may be associated with expression dif-
ferences between them. Higher DNA methylation in the 5’
upstream region of the TSS and the 3’ downstream region
of the transcription termination site will result in lower
gene expression°”®°, However, lower expression of sin-
gletons was not found in this study, although a higher CG
or CHG methylation level of singletons was found in the
5" upstream or 3’ downstream regions.

In summary, we found no significant bias in gene loss
rate, evolutionary rate, expression level or DNA methy-
lation level between the two subgenomes of pear. The
results of this study suggest that pear may have originated
from an autotetraploid ancestor. The unbiased evolution
between the two subgenomes has persisted over 30 mil-
lion years after the recent WGD in pear. This study
enhances our understanding of the postpolyploidization
diploidization process in pear and other plants.

Availability of data and materials

The transcriptome raw reads from seven different pear tissue and methylome
raw reads from ovary have been deposited at NCBI (https://www.ncbi.nlm.nih.
gov/bioproject/) under accession numbers PRINA498777 and PRINA503323.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(31830081, 31772276, 31471839), the Earmarked Fund for China Agriculture
Research System (CARS-28).

Authors’ contributions

S.Z, QL, and X.Q. conceived and designed the experiments. Q.L. and X.Q.
carried out the experimental design. Q.L. analyzed data and drafted the
manuscript. QL. and X.Q. and L.L. contributed analytic tools and python scripts.
QL, XQ, H.Y, and S.Z wrote the manuscript. QL. Y.Z, and H.D. performed the
gRT-PCR experiment. KQ. contributed experimental materials. S.Z. managed
the research and experiments

Conflict of interest

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541438-018-0110-6).

Received: 21 June 2018 Revised: 9 November 2018 Accepted: 23 November
2018
Published online: 01 March 2019

References

1. Paterson, A. H, Freeling, M, Tang, H. & Wang, X. Insights from the
comparison of plant genome sequences. Annu Rev Plant Biol 61, 349-372
(2010).

2. Jiao, Y. & Paterson, A. H. Polyploidy-associated genome modifications
during land plant evolution. Philos. Trans. R. Soc. Lond. 369, 5042-5050
(2014).

19.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3.

Page 11 of 12

Bowers, J. E, Chapman, B. A, Rong, J. & Paterson, A. H. Unravelling angiosperm
genome evolution by phylogenetic analysis of chromosomal duplication
events. Nature 422, 433-438 (2003).

Soltis, P. S. & Soltis, D. E. Ancient WGD events as drivers of key innovations in
angiosperms. Curr. Opin. Plant. Biol. 30, 159-165 (2016).

Fawcett, J. A, Maere, S. & Van de Peer, Y. Plants with double genomes might
have had a better chance to survive the Cretaceous—Tertiary extinction event.
Proc. Natl Acad. Sci. USA 106, 5737-5742 (2009).

Wendel, J. F. The wondrous cycles of polyploidy in plants. Am. J. Bot. 102,
1753-1756 (2015).

Barker, M. S, Arrigo, N, Baniaga, A. E, Li, Z & Levin, D. A. On the relative
abundance of autopolyploids and allopolyploids. New Phytol. 210, 391-398
(2016).

Dodsworth, S, Chase, M. W. & Leitch, A. R. Is post-polyploidization diploidi-
zation the key to the evolutionary success of angiosperms? Bot. J. Linn. Soc.
180, 1-5 (2016).

Soltis, D. E, Visger, C. J, Marchant, D. B. & Soltis, P. S. Polyploidy: pitfalls and
paths to a paradigm. Am. J. Bot. 103, 1146-1166 (2016).

Wang, X. et al. The genome of the mesopolyploid crop species Brassica rapa.
Nat. Genet. 43, 1035-1039 (2011).

Liu, S. et al. The Brassica oleracea genome reveals the asymmetrical evolution
of polyploid genomes. Nat. Commun. 5, 3930 (2014).

Schnable, J. C, Springer, N. M. & Freeling, M. Differentiation of the maize
subgenomes by genome dominance and both ancient and ongoing gene
loss. Proc. Natl Acad. Sci. USA 108, 4069-4074 (2011).

Cheng, F. et al. Gene retention, fractionation and subgenome differences in
polyploid plants. Nat. Plants 4, 258-268 (2018).

Liu, Y. et al. Two highly similar poplar paleo-subgenomes suggest an auto-
tetraploid ancestor of Salicaceae plants. Front. Plant Sci. 8, 571 (2017).

Zhao, M, Zhang, B, Lisch, D. & Ma, J. Patterns and consequences of sub-
genome differentiation provide insights into the nature of paleopolyploidy
in plants. Plant Cell 29, 2974-29%4 (2017).

Sun, H. et al. Karyotype stability and unbiased fractionation in the Paleo-
Allotetraploid Cucurbita Genomes. Mol. Plant 10, 12931306 (2017).
Brohammer, A. B, Kono, T. J. Y, Springer, N. M, McGaugh, S. E. & Hirsch, C. N.
The limited role of differential fractionation in genome content variation and
function in maize (Zea mays L.) inbred lines. Plant J. 93, 131-141 (2018).
Freeling, M. et al. Fractionation mutagenesis and similar consequences of
mechanisms removing dispensable or less-expressed DNA in plants. Curr.
Opin. Plant. Biol. 15, 131-139 (2012).

Renny-Byfield, S, Rodgers-Melnick, E. & Ross-Ibarra, J. Gene fractionation and
function in the ancient subgenomes of maize. Mol. Biol. Evol. 34, 1825-1832
(2017).

Pophaly, S. D. & Tellier, A. Population level purifying selection and gene
expression shape subgenome evolution in maize. Mol. Biol Evol. 32,
3226-3235 (2015).

Woodhouse, M. R. et al. Origin, inheritance, and gene regulatory con-
sequences of genome dominance in polyploids. Proc. Natl Acad. Sci. USA 111,
5283-5288 (2014).

Cheng, F. et al. Epigenetic regulation of subgenome dominance following
whole genome triplication in Brassica rapa. New Phytol. 211, 288-299 (2016).
Kagale, S. et al. The emerging biofuel crop Camelina sativa retains a highly
undifferentiated hexaploid genome structure. Nat. Commun. 5, 3706 (2014).
Chalhoub, B. et al. Early allopolyploid evolution in the post-Neolithic Brassica
napus oilseed genome. Science 345, 950-953 (2014).

Zhang, T. et al. Sequencing of allotetraploid cotton (Gossypium hirsutum L.
acc. TM-1) provides a resource for fiber improvement. Nat. Biotechnol. 33,
531-U252 (2015).

Li, J. T. et al. The fate of recent duplicated genes following a fourth-round
whole genome duplication in a tetraploid fish, common carp (Cyprinus
carpio). Sci. Rep. 5, 8199 (2015).

Wu, J. et al. The genome of the pear (Pyrus bretschneideri Rehd.). Genome Res.
23, 396-408 (2013).

Goodstein, D. M. et al. Phytozome: a comparative platform for green plant
genomics. Nucleic Acids Res. 40, D1178-D1186 (2012).

Wang, Y. et al. MCScanX: a toolkit for detection and evolutionary analysis
of gene synteny and collinearity. Nucleic Acids Res. 40, e49-e49 (2012).
Wang, L. et al. Genome sequencing of the high oil crop sesame provides
insight into oil biosynthesis. Genome Biol. 15, R39 (2014).

Ifan, M. et al. Modification of CTAB protocol for maize genomic DNA
extraction. Res. J. Biotechnol. 8, 41-45 (2013).


https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://doi.org/10.1038/s41438-018-0110-6
https://doi.org/10.1038/s41438-018-0110-6

Li et al. Horticulture Research (2019)6:34

32

33.

34.

35.

36.

37.

38.

39,

40.

41.

42.

43.

45.

Bolger, A. M, Lohse, M. & Usadel, B. Timmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30, 2114-2120 (2014).

Kagale, S. et al. The developmental transcriptome atlas of the biofuel crop
Camelina sativa. Plant J. 88, 879-894 (2016).

Bray, N. L, Pimentel, H, Melsted, P. & Pachter, L. Near-optimal probabilistic
RNA-seq quantification. Nat. Biotechnol. 34, 525-527 (2016).

Krueger, F. & Andrews, S. R. Bismark: a flexible aligner and methylation caller
for Bisulfite-Seq applications. Bioinformatics 27, 1571-1572 (2011).

Ramirez, F. et al. deepTools2: a next generation web server for deep-
sequencing data analysis. Nucleic Acids Res. 44, W160-W165 (2016).

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(T)(-Delta Delta C) method. Methods 25,
402-408 (2001).

Thompson, J. D, Higgins, D. G. & Gibson, T. J. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673-4680 (1994).

Verde, I. et al. The high-quality draft genome of peach (Prunus persica)
identifies unique patterns of genetic diversity, domestication and genome
evolution. Nat. Genet. 45, 487-U447 (2013).

Shulaev, V. et al. The genome of woodland strawberry (Fragaria vesca). Nat.
Genet. 43, 109-116 (2011).

Tang, H., Krishnakumar, V. & Li, J. jevi: JOVI utility libraries. Zenodo (2015).
(Available at https.//doi.org/10.5281/zenodo.11020)

Li, Z. et al. Gene Duplicability of Core Genes Is Highly Consistent across All
Angiosperms. Plant Cell 28, 326-344 (2016).

Vanneste, K, Baele, G, Maere, S. & Van de Peer, Y. Analysis of 41 plant genomes
supports a wave of successful genome duplications in association with the
Cretaceous-Paleogene boundary. Genome Res. 24, 1334-1347 (2014).

Murat, F. et al. Karyotype and gene order evolution from reconstructed extinct
ancestors highlight contrasts in genome plasticity of modern rosid crops.
Genome Biol. Evol. 7, 735-749 (2015).

Garsmeur, O. et al. Two evolutionarily distinct classes of paleopolyploidy. Mol.
Biol. Evol. 31, 448-454 (2014).

Schnable, J. C, Pedersen, B. S, Subramaniam, S. & Freeling, M. Dose-sensitivity,
conserved non-coding sequences, and duplicate gene retention through
multiple tetraploidies in the grasses. Front. Plant Sci. 2, 2 (2011).

47.

48.

49.

50.

51

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 12

Thomas, B. C, Pedersen, B. & Freeling, M. Following tetraploidy in an Arabi-
dopsis ancestor, genes were removed preferentially from one homeolog
leaving clusters enriched in dose-sensitive genes. Genome Res. 16, 934-946
(2006).

Woodhouse, M. R. et al. Following tetraploidy in maize, a short deletion
mechanism removed genes preferentially from one of the two homologs.
PLoS Biol. 8, €1000409 (2010).

Zemach, A. et al. Local DNA hypomethylation activates genes in rice endo-
sperm. Proc. Natl Acad. Sci. USA 107, 18729-18734 (2010).

Wang, H. et al. CG gene body DNA methylation changes and evolution of
duplicated genes in cassava. Proc. Natl Acad. Sci. USA 112, 1372913734
(2015).

De Smet, R. et al. Convergent gene loss following gene and genome dupli-
cations creates single-copy families in flowering plants. Proc. Natl Acad. Sci.
USA 110, 2898-2903 (2013).

Huminiecki, L. & Wolfe, K H. Divergence of spatial gene expression profiles
following species-specific gene duplications in human and mouse. Genome
Res. 14, 1870-1879 (2004).

Force, A. et al. Preservation of duplicate genes by complementary, degen-
erative mutations. Genetics 151, 1531-1545 (1999).

Lynch, M. & Force, A. The probability of duplicate gene preservation by
subfunctionalization. Genetics 154, 459-473 (2000).

Arsovski, A. A, Pradinuk, J, Guo, X. Q, Wang, S. & Adams, K- L. Evolution of
cis-regulatory elements and regulatory networks in duplicated genes of
Arabidopsis. Plant Physiol. 169, 2982-2991 (2015).

He, X. & Zhang, J. Rapid subfunctionalization accompanied by prolonged
and substantial neofunctionalization in duplicate gene evolution. Genetics
169, 1157-1164 (2005).

Ohno, S. Evolution by Gene Duplication. (New York: Springer-Verlag,
1970).

Qian, W. F, Liao, B. Y, Chang, A. Y. F. & Zhang, J. Z. Maintenance of duplicate
genes and their functional redundancy by reduced expression. Trends Genet.
26, 425-430 (2010).

Gout, J. F. & Lynch, M. Maintenance and loss of duplicated genes by dosage
subfunctionalization. Mol. Biol. Evol. 32, 2141-2148 (2015).

Wang, L. et al. Comparative epigenomics reveals evolution of duplicated
genes in potato and tomato. Plant J 93, 460-471 (2018).


https://doi.org/10.5281/zenodo.11020

	Unbiased subgenome evolution following a recent whole-genome duplication in pear (Pyrus bretschneideri Rehd.)
	Introduction
	Materials and methods
	Data collection
	Identification of two paleo-subgenomes in pear
	RNA-Seq library construction
	Bisulfite-seq library construction
	RNA-Seq and Bisulfite-Seq data analysis
	Quantitative real-time PCR (qRT-PCR) analysis
	Calculation of Ka and Ks values
	Statistical analysis

	Results
	Syntenic relationships among pear, peach, and strawberry genomes
	Unbiased fractionation and evolutionary patterns between the two subgenomes of pear
	Divergent evolutionary patterns between singletons and homeologs within each subgenome

	Discussion
	ACKNOWLEDGMENTS




